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Telomere Looping Permits Repression
“at a Distance” in Yeast
both regulatory sites are present. The preformed loop
is indicated. All four of these constructs were also inte-
grated away from the telomere at positions where no
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Sloan-Kettering Institute loop is preformed (data not shown).
Figure 2A illustrates repression of activated transcriptionMemorial Sloan-Kettering Cancer Center
1275 York Avenue by Tup1 tethered to DNA downstream of the telomere-
linked gene. The gene is URA3, and two kinds of activatorsNew York, New York 10021
are used. In one case, the activator is of the “nonclassical”
type, comprising a DNA binding domain (that of Gal4)
fused to a component of the transcriptional machinerySummary
(Srb2) (rows 2 and 3); and, in the other case, the activator
bears a fragment of the activation region of the “classical”In yeast, unlike in higher eukaryotes, transcriptional
activators and repressors do not normally work when activator Gal4 (rows 4 and 5). By both assays (growth in the
absence of uracil and resistance to FOA), each activatorbound to DNA at large distances (over 500 base pairs)
[1] from the gene and, in particular, when positioned stimulates transcription (compare rows 2 and 4 with row
1), and expression of LexATup1 represses activationdownstream of the gene [2, 3]. This restriction is re-
lieved for a transcriptional activator if a gene bearing (rows 3 and 5). Figure 2B shows that the LexATup1-
mediated repression requires LexA sites.an activator binding site is placed near a yeast telo-
mere [4]. The explanation proposed is that the folded Figure 2C illustrates repression from downstream of
a different gene, HIS3. This gene is expressed at lowstructure found at the telomere helps appose the DNA-
bound activator with proteins binding to the promoter levels even when positioned near a telomere without an
associated site for binding its activator Gcn4. This low-so that recruitment of the transcriptional machinery
can be effected “at a distance” [4]. Here, we show level expression, called the basal level, may be elicited
by other proteins that bind near the gene, Bas1 beingthat a repressor, Tup1, works when tethered to DNA
downstream of, and some 1.5-kb from, the gene when an example [9]. In the experiment shown in the figure,
the repressor is the hybrid protein Gal4Tup1, whichthe construct is placed near a yeast telomere. The
effect, observed with activated as well as basal tran- binds to the sites labeled UASg, and it is expressed in
all the cases illustrated in the figure. On the figure, “I”scription, is eliminated by deletion of Sir3. These and
other results indicate that DNA-tethered Tup1 re- indicates that the gene is located internally, that is, away
from the telomere, and “T” indicates that the gene ispresses by interacting with some component of the
transcriptional machinery binding to the promoter, an near a telomere. Basal expression of the gene renders
the cells resistant to the low level of 3-AT added to theinteraction that is facilitated by the preformed loop at
the telomere. medium. Rows 1 and 2 show that, if the gene is located
away from the telomere, no repression is observed
whether or not the gene is associated with a UASg.Results and Discussion
Rows 3 and 4 show that Gal4Tup1 represses the gene
linked to the telomere, but only if it bears a downstreamTup1, which represses many genes in yeast, is ordinarily
recruited to DNA by specific DNA binding proteins. Fu- UASg. Row 5 shows the stronger repression observed
when Gal4Tup1 works from a position upstream of thesion proteins comprising Tup1 attached to a DNA bind-
ing domain (e.g., LexATup1 and Gal4Tup1) also re- gene; in this case, the gene is positioned away from the
telomere.press, provided the gene bears the appropriate DNA
binding sites nearby [5, 6]. We use both of these repres- Figure 3 shows that Gal4Tup1 represses basal ex-
sors here. pression of a telomere-linked URA3 gene, from down-
We analyze the expression of two genes, URA3 and stream, as assayed by mRNA levels (compare columns
HIS3. Expression of URA3 can be selected for (by grow- 1 and 2). That effect is abolished by deletion of Sir3
ing cells in the absence of uracil) or against (by growing (compare columns 3 and 4). When the construct is lo-
cells in fluoroorotic acid [FOA]) [7]. Expression of HIS3 cated away from the telomere, Gal4Tup1 bound down-
can be selected for by growing cells in the absence of stream has no effect (compare columns 5 and 6).
histidine, and the addition of increasing levels of 3 Figure 4 shows that, as assayed by chromatin immu-
amino-triazol (3-AT) imposes a requirement for increas- noprecipitation (ChIP) analysis, Gal4Tup1 is detected
ing levels of expression of that gene [8, 4]. not only at the downstream Gal4 binding sites but also at
Figure 1 schematicizes four constructs bearing either the promoter, an effect that depends on Sir3. Moreover,
the HIS3 or URA3 genes integrated near a yeast telo- much less Gal4Tup1 is found on the gene between the
mere. In (A), the gene has no associated site for binding UASg and the promoter. This experiment was performed
either a known activator or repressor. In (B), that gene using three DNA fragments taken from the area around
has a repressor binding site downstream. In (C), the the UASg (A), from a region internal to the gene (C), and
gene has an activator binding site upstream, and, in (D), from a region near the promoter (B). Antibodies to Tup1
were used to detect Tup1 at these three positions follow-
ing crosslinking. The data are presented as ratios of the1Correspondence: m-ptashne@ski.mskcc.org
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Figure 1. Telomere-Linked Reporter Gene
Constructs
Reporter genes consisted of either HIS3 or
URA3 lacking their respective native UASs.
Constructs were placed near the left telomere
of chromosome VII [4]. The arrows indicate
the start site and direction of transcription.
The activator site, recognized by the DNA
binding domain of Gal4, is located some
50-bp from the TATA in each case. The re-
pressor site, located immediately down-
stream from the gene, comprises either sites
recognized by the LexA DNA binding domain
(as in the experiments depicted in Figure 2A)
or by the DNA binding domain of Gal4 (as in
the experiments depicted in Figures 2C, 3,
and 4). The black box indicates the C1-3A/TG1-
3 telomeric repeat, and the folded structure
of the region is indicated.
quest). The yeast repressor expression vectors LexATup1 andTup1 detected in regions B and C to that found in A.
Gal4Tup1 have been described [5, 6].About 6-fold higher levels of Tup1 are found at the pro-
moter than in the internal region of the gene (compare
Spot Test Assays
columns 1 and 2). That increased level of Tup1 at the Cells were grown overnight in media selecting for plasmids and
promoter is abolished by deletion of Sir3 (compare col- were harvested, and equivalent aliquots of 10-fold serial dilutions
were spotted onto appropriate plates. For FOA assays, cells wereumns 3 and 4.) When the gene is located away from the
spotted onto uracil-deficient media (containing 2% galactose) eithertelomere, once again, little or no excess Tup1 is found
with fluoroorotic acid (FOA) or without fluoroorotic acid (FOA)at the promoter (compare columns 5 and 6).
([6] and references therein). Plates were incubated at 30C for 4
days prior to photography. For 3-amino1,2,4-triazol (3-AT) assays,
Conclusions cells were spotted on histidine-deficient media containing 2% galac-
Our results are consistent with the idea that Tup1 inter- tose and 5 mM 3-AT. Again, plates were incubated at 30C for 4
days prior to photography [4].acts with some component of the transcriptional ma-
chinery that binds at the promoter, presumably poison-
RNA Analysising it so that transcription cannot occur [6]. The
Total RNA was purified from strains containing the URA3-UASgpreformed telomeric loop, formation of which depends
reporter according to standard protocol. URA3 mRNA was quanti-
on Sir3 [10], evidently facilitates that interaction. Our tated and normalized against ACT1 mRNA using Platinum Quantita-
results argue against the suggestion that Tup1 coats an tive RT-PCR Thrermoscript One-Step System (Life Technologies)
with the Applied Biosystems GeneAmp 5700 quantitative PCR ma-extended stretch of DNA [11], but they do not argue
chine and protocol [6]. An annealing temperature of 50C was usedagainst the idea that Tup1 might also influence histone
with the following primers to amplify an internal segment of URA3:modification. For example, Tup1 interaction with the
F2, 5-AGCCCTCTAGGTTCCTTTGTTAC-3; F4, 5-GTCCCAAAATTtranscriptional machinery at the promoter could target a
TGTTTACTAAAAAC-3.
Tup1-associated histone deacetylase to the associated
histones [12, 13]. Chromatin Immunoprecipitation
The internal ura3-52 gene locus was deleted from yeast strains usedThe finding that both repression and activation “at a
for ChIP analysis, so that the only URA3 sequences present aredistance” are facilitated by preformed loops is consis-
those contained in the reporter construct [16]. Equivalent numberstent with the idea that ordinary chromatin in higher eu-
of cells were grown to mid-log phase in media containing 2% galac-karyotes forms loops more readily than does the corre-
tose and 2% raffinose and were crosslinked with 0.5% formaldehyde
sponding chromatin in yeast. Why this may be so is not for 30 min. Immunoprecipitation was performed with antibody
known, but one possibility is that the overall level of against Tup1 (kindly provided by Sharon Dent) on all strains express-
ing Gal4Tup1. Quantitative, real-time PCR analysis was performedhistone acetylation is higher in yeast than in higher eu-
using the GeneAmp 5700 Sequence Detection System (PE biosys-karyotes [14]. Perhaps relatively underacetylated chro-
tems) according to the manufacturer’s suggested protocol. An an-matin (such as that found at a yeast telomere), by virtue
nealing temperature of 50C was used with the following primers toof some intrinsic property or because of additional pro-
amplify regions A, B, and C, respectively: UF, 5-GACATTATTATTG
teins that are bound to it, more readily forms folded TTGGAAGAGGA-3; UR, 5-GAAFAFFAAAAATTGGCGT-3; PF, 5-
structures that enhance communication between pro- GATTCGGTAATCTCCGAGCAG-3; PR, 5-GTAGCTTTCGACATGAT
TTATCTTCG-3; F2, 5-AGCCCTCTAGGTTCCTTTGTTAC-3; F4, 5-teins bound to separated sites on DNA.
GTCCCAAAATTTGTTTACTAAAAAC-3.
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Figure 2. Dependence for Repression Mediated by a Repressor Bound Downstream of a Gene
(A) LexATup1 represses activated transcription of a telomere-linked gene. Strains containing the depicted URA3 reporter gene were trans-
formed with plasmids expressing either Gal4Srb2 (rows 2 and 3) or Gal4 (840–869) (rows 4 and 5). In two cases (rows 3 and 5), an additional
plasmid expressing LexATup1 was added. Cells were grown in selective media, and spot assays were duplicated on complete synthetic
(Complete), FOA-containing (FOA) or uracil minus (URA) plates.
(B) The repression observed in (A) requires binding to DNA of LexATup1. A strain bearing the reporter shown in (A), but lacking the LexA
binding sites, was cotransformed with plasmids expressing Gal4Srb2 (row 1,2) and with (row 2) or without (row 1) a plasmid expressing
LexATup1.
(C) Telomere linkage is essential for repression from downstream. The experiment compares Tup1-mediated repression of reporters located
near a telomere (T; rows 3 and 4) with that of reporters positioned away from a telomere (I [internal]; rows 1 and 2). Strains contain the HIS3
gene either with (rows 2 and 4) or without (rows 1 and 3) the GAL1 UASg at the 3 end of the gene as indicated. In the case of row 5, the
UASg is located 5 of the gene. In all cases, the cells expressed Gal4Tup1.
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